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Introduction {#chem201905272-sec-0001}
============

The human cytochrome P450 superfamily includes 57 isoforms of heme‐enclosed enzymes that catalyze the redox reactions of a variety of endogenous and exogenous compounds.[1](#chem201905272-bib-0001){ref-type="ref"} Cytochromes P450s (P450s) are classified as monooxygenases because in most reactions an oxygen atom is inserted into the C−H bond and the substrate is thereby hydroxylated.[2](#chem201905272-bib-0002){ref-type="ref"} The molecular mechanism of this reaction has been a subject of intense studies both experimentally and theoretically[3](#chem201905272-bib-0003){ref-type="ref"} and is currently recognized as a hydrogen atom transfer (HAT) followed by a radical "rebound" step.[2a](#chem201905272-bib-0002a){ref-type="ref"}, [4](#chem201905272-bib-0004){ref-type="ref"} However, details of the mechanism leading to regio‐ and stereoselective P450 mediated hydroxylation are still not clear.[4d](#chem201905272-bib-0004d){ref-type="ref"}, [5](#chem201905272-bib-0005){ref-type="ref"}

In the human body, hydroxylation reactions catalyzed by P450s are important in phase I metabolism.[1b](#chem201905272-bib-0001b){ref-type="ref"} Studying the mechanisms of the regio‐ and stereoselectivities of the hydroxylation reactions is beneficial for understanding the occurrence of reactive phase I metabolites and for finding ways to avoid the occurrence.[1b](#chem201905272-bib-0001b){ref-type="ref"} For instance, by studying the regioselectivity of tienilic acid hydroxylation, which occurs at site 5, the mechanism for the occurrence of the reactive metabolites was disclosed.[6](#chem201905272-bib-0006){ref-type="ref"} Many experimental and theoretical studies have been carried out for predicting the selectivity of P450 catalyzed hydroxylation reactions.[7](#chem201905272-bib-0007){ref-type="ref"} Given the complexities of the P450 pocket and catalytic cycle and the diversity of substrates, understanding the selectivity of P450 hydroxylation remains a great challenge.[3c](#chem201905272-bib-0003c){ref-type="ref"}, [7](#chem201905272-bib-0007){ref-type="ref"}

As an important case,[3c](#chem201905272-bib-0003c){ref-type="ref"}, [8](#chem201905272-bib-0008){ref-type="ref"} the mechanism of selective hydroxylation reactions of steroid substrates catalyzed by two P450 isoforms, CYP3A4 and CYP19A1, is still unclear. CYP3A4 is the most abundant P450 and is responsible for the metabolism of about 50 % of clinically used drugs.[1b](#chem201905272-bib-0001b){ref-type="ref"}, [8a](#chem201905272-bib-0008a){ref-type="ref"} It also plays important roles in the regulation of endogenous steroids, the main component of hormones.[9](#chem201905272-bib-0009){ref-type="ref"} CYP19A1, also known as steroid aromatase, mainly converts androgens into estrogens and is therefore involved in the pathological progress of estrogen‐dependent diseases, such as breast and ovary cancers.[10](#chem201905272-bib-0010){ref-type="ref"} Downregulation of CYP19A1's activity has been deemed as a promising strategy for treating such diseases.[11](#chem201905272-bib-0011){ref-type="ref"}

In this work, we focus on the hydroxylation of two important steroid molecules, testosterone (TES) and dihydrotestosterone (DHT), catalyzed by CYP3A4 and CYP19A1. TES is a necessary male sex hormone and anabolic steroid.[12](#chem201905272-bib-0012){ref-type="ref"} In a natural biotransformation process, TES is transformed either into DHT by the 5α‐steroid reductase or into estradiol by the aromatase.[13](#chem201905272-bib-0013){ref-type="ref"} DHT is an androgen and is more potent than TES because it can directly activate the androgen receptor,[14](#chem201905272-bib-0014){ref-type="ref"} although DHT and TES share similar chemical structures and conformations. In experiments, TES and DHT are hydroxylated by CYP3A4 at different sites. TES is hydroxylated at sites 6β, 2β, 15β, and 1β,[15](#chem201905272-bib-0015){ref-type="ref"} whereas DHT is hydroxylated only at sites 18 and 19.[16](#chem201905272-bib-0016){ref-type="ref"} In contrast, both TES and DHT are hydroxylated at site 19 by CYP19A1 (Figure [1](#chem201905272-fig-0001){ref-type="fig"}).[16](#chem201905272-bib-0016){ref-type="ref"} To date, the mechanism of selective hydroxylation of TES/DHT by CYP3A4 and CYP19A1 has remained elusive.[3c](#chem201905272-bib-0003c){ref-type="ref"}

![Chemical structures of TES and DHT and the corresponding SOMs. The bonds connecting the α hydrogen atoms are represented as dashed lines. The SOMs of TES/DHT by CYP3A4 and CYP19A1 are colored in red and blue, respectively; the SOM that can be hydroxylated by both CYP3A4 and CYP19A1 is colored in cyan.](CHEM-26-6214-g001){#chem201905272-fig-0001}

Here, we used a multi‐scale modeling approach, which involves molecular dockings, molecular dynamics (MD) simulations, quantum mechanics (QM) calculations, and quantum mechanics/molecular mechanics (QM/MM) calculations, to investigate the mechanism underlying the selective hydroxylation of TES and DHT by CYP3A4 and CYP19A1. The accessibility of each potential site of metabolism (SOM) to an enzyme\'s reaction center was evaluated by 100‐ns long MD simulations. The intrinsic reactivities of the potential SOMs were explored by using a prevailing truncated heme model. Together with the QM/MM calculations, our results unravel the mechanism underlying the selectivity of hydroxylation of TES and DHT by CYP3A4/CYP19A1.

Results and Discussion {#chem201905272-sec-0002}
======================

Binding modes of TES {#chem201905272-sec-0003}
--------------------

There are several sites of TES that could potentially be oxidized by P450s. The experimentally determined oxidation sites of TES by CYP3A4 are 6β, 2β, 15β and 1β, and the corresponding reaction rates in the recombinant CYP3A4 enzyme are 83, 11, 5.0, and 4.8 min^−1^, respectively.[15b](#chem201905272-bib-0015b){ref-type="ref"} By contrast, the experimentally determined oxidation site of TES by CYP19A1 is the 19 site.[16](#chem201905272-bib-0016){ref-type="ref"}

Since the crystal structure of the CYP3A4‐TES complex is not available, molecular docking was used to predict the initial binding mode of TES with CYP3A4. The experimental SOMs of TES are distributed in different rings, which means that multiple binding modes of TES could exist in the CYP3A4 active site. To consider the effect of active site residues on the binding of TES, multiple CYP3A4 crystal structures were used for docking.

We have analyzed the root mean square fluctuation (RMSF) for each residue averaged over the 11 CYP3A4 crystal structures (Figure S1). The RMSFs for about 80 % of the residues are below 1.0 Å and those for the active site residues are mostly above 1.0 Å, especially for the residues of the F‐F′ helix, which show high RMSFs (ca. 4--5 Å). We therefore believe that the difference in the selected crystal structures is large enough for generating reasonable binding modes for TES to CYP3A4. By using these structures as the docking receptors, all experimental SOMs and the angular methyl groups were found to expose to the oxo moiety in the top ranked poses, named 6β‐4K9V, 2β‐3UA1, 1β‐4I4G, 15β‐4K9T, 18‐2V0M, and 19‐4D78. As shown in Figure [2](#chem201905272-fig-0002){ref-type="fig"}, two distinct binding modes of TES, 17‐OH‐UP and 17‐OH‐DOWN, were identified. In the 17‐OH‐UP binding mode, the 17‐OH group points to the upper hall of the active sites, as shown in 2β‐3UA1, 1β‐4I4G and 19‐4D78. The 3‐ketone group forms a hydrogen bond with Ser119, which is a key residue for the interactions between CYP3A4 and its substrates.[17](#chem201905272-bib-0017){ref-type="ref"} In addition, the 17‐OH group in the 2β‐3UA1 mode forms a hydrogen bond with the backbone atoms of Arg369 (Figure [2](#chem201905272-fig-0002){ref-type="fig"} A). In the 17‐OH‐DOWN binding mode, 17‐OH points to the B‐C loop, as shown in 6β‐4K9V, 15β‐4K9T and 18‐2V0M. The hydrogen bond between 17‐OH and Ser119 was only observed in the 6β‐4K9V mode.

![Binding modes predicted by molecular docking. A) The three representative 17‐OHUP binding modes: 194D78 (magenta), 1β4I4G (yellow) and 2β3UA1 (green); B) The three representative 17‐OHDOWN binding modes: 6β4K9V (yellow), 15β4Κ9Τ (green) and 182V0M (magenta).](CHEM-26-6214-g002){#chem201905272-fig-0002}

Accessibility profiles of TES and DHT {#chem201905272-sec-0004}
-------------------------------------

MD simulations have been widely used in the study of P450 enzymes for a broad range of interests, including flexible conformational sampling,[18](#chem201905272-bib-0018){ref-type="ref"} ligand binding free energy calculation,[19](#chem201905272-bib-0019){ref-type="ref"} conformational transitions,[20](#chem201905272-bib-0020){ref-type="ref"} allosteric regulation,[21](#chem201905272-bib-0021){ref-type="ref"} and substrate accessibility evaluation.[22](#chem201905272-bib-0022){ref-type="ref"} The accessibility profile obtained from the equilibrated MD simulations (Figure S2) can be used to describe the extent of a site exposure to the oxo moiety of Cpd I and can provide useful information for understanding P450 catalytic selectivity.[22](#chem201905272-bib-0022){ref-type="ref"}, [23](#chem201905272-bib-0023){ref-type="ref"} The evaluation of the accessibility profile was based on the distance between the SOM hydrogen atom and the oxo atom of Cpd I (denoted as "H‐oxo") as well as the angle formed by the SOM hydrogen, oxo, and iron atoms (denoted as "H‐oxo‐FE").[22](#chem201905272-bib-0022){ref-type="ref"} Based on the geometry from the typical HAT species for C−H hydroxylation,[2a](#chem201905272-bib-0002a){ref-type="ref"} the conformation for an accessible site, which is also referred to as the near attack conformation,[24](#chem201905272-bib-0024){ref-type="ref"} should satisfy the criterion of the H‐oxo distance in the range of 2.0--3.5 Å and the H‐oxo‐FE angle above 120°.

By applying the criterion, the accessibility for each site in the 12 CYP3A4 systems (corresponding to six docked TES and six superimposed DHT binding modes) and two CYP19A1 systems was evaluated as summarized in Figure [3](#chem201905272-fig-0003){ref-type="fig"}. All CYP3A4 systems exhibited multiple accessible sites (the DHT‐2β‐3UA1 system has the largest number of sites, in which sites 2β, 2α, 1α, 19, 4α and 4β are accessible, see the red columns in Figure [3](#chem201905272-fig-0003){ref-type="fig"} Β), indicating that the binding modes of TES/DHT underwent changes frequently during the 100‐ns MD simulations. This is not surprising because the size of the CYP3A4 binding pocket is relatively large, which allows different sites of TES/DHT to access the oxo moiety. In some systems (TES‐1β‐4I4G, DHT‐6β‐4K9V, DHT‐2β‐3UA1, DHT‐18‐2V0M and DHT‐19‐4D78, Figure [3](#chem201905272-fig-0003){ref-type="fig"} A and B), even the steroid scaffold could flip, leading to a small proportion (less than 5 %) of α sites exposed to the Cpd I oxo moiety.

![Accessibility profiles from the MD simulations. The percentage for a site is the number of snapshots in which the site was accessed divided by the number of snapshots for all the accessed sites.](CHEM-26-6214-g003){#chem201905272-fig-0003}

For the 19‐4D78 system, the 6β site of TES is the dominant accessible site (ca. 54 %, magenta column in Figure [3](#chem201905272-fig-0003){ref-type="fig"} A), reflecting the strong preference for 6β hydroxylation in 4D78, which explains the experimental results. Nevertheless, for the 6β‐4K9V, 2β‐3UA1 and 1β‐4I4G systems, site 19 has the highest accessibility, followed by the respective 6β, 2β and 1β sites (see the black, red, and green columns in Figure [3](#chem201905272-fig-0003){ref-type="fig"} A). It seems that there exists competition between site 19 and sites 6β, 2β, and 1β for accessing the oxo moiety, since the three hydrogen atoms of site 19 are very close to sites 6β, 2β and 1β, respectively (Figure S3). These results also reflect the intricacy in predicting the TES binding modes in the large and flexible active site of CYP3A4. The complexity has also been observed experimentally, which indicated that CYP3A4 can bind up to three TES molecules and alter the binding kinetics.[25](#chem201905272-bib-0025){ref-type="ref"}

Similarly, it becomes more complicated to predict the binding modes of DHT in the CYP3A4 binding pocket. For the 2β‐3UA1 system, the additional 4β and 4α sites in ring A were also the accessible sites (see in Figure [3](#chem201905272-fig-0003){ref-type="fig"} B). For the 6β‐4K9V and 2β‐3UA1 systems, the most accessible sites are 18 and 4β, respectively. Similar to the CYP3A4‐TES system, site 18 was more optimal to access to the oxo moiety in the 15β‐4K9T systems (see the blue columns in Figure [3](#chem201905272-fig-0003){ref-type="fig"} A and B). As we can see, not all systems show the results matching the experimental selective profile of DHT hydroxylation by CYP3A4 (e.g., the 2β‐3UA1 system). Nevertheless, sites 18 and 19 were still the dominating accessible sites in all the MD simulations of CYP3A4‐DHT (Figure [3](#chem201905272-fig-0003){ref-type="fig"} B). Thus, the accessibility profile provides an explanation of why CYP3A4 mainly hydroxylates DHT at sites 18 and 19, instead of the reactive β sites.

In the MD simulations of the CYP19A1‐TES/DHT systems, the frequencies of shifting accessible sites are much lower than those in the CYP3A4 systems, because more than 85 % of the observed accessible sites are located at site 19 (Figure [3](#chem201905272-fig-0003){ref-type="fig"} C and D). The 6β site did not access the active site, which also means that site 19 is much more competitive than site 6β in accessing the oxo moiety (Figure S2). Unlike in CYP3A4, replacement of TES with DHT hardly changed the binding mode in CYP19A1, because the hydrogen bonds between TES/DHT and Asp309 and Met374 of CYP19A1 (see E--F in Figure S4) are more stable than that between TES/DHT and Ser119 of CYP3A4 (see A--D in Figure S4). Thus, our analysis of the accessibility profiles explains why the more reactive 6β or 2β site is not hydroxylated in CYP19A1 and agrees with the aromatic mechanism of CYP19A1.[26](#chem201905272-bib-0026){ref-type="ref"}

After inspection of the accessibility profiles, we conclude that the potential SOMs of TES/DHT are in competition for being exposed to the reaction center. The regio‐ and stereoselectivities of TES/DHT hydroxylation reactions could be explained by the accessibility profiles. However, MD simulations only reflected the "competition" between certain sites. The mechanisms underlying such site "competition" will be further clarified by the subsequent QM and QM/MM calculations.

Activation barriers {#chem201905272-sec-0005}
-------------------

### Intrinsic reactivity of potential SOMs {#chem201905272-sec-0006}

The HAT process for the P450 catalyzed C−H hydroxylation is a rate‐limiting step and the corresponding activation barrier governs the reaction.[2a](#chem201905272-bib-0002a){ref-type="ref"} Both the intrinsic reactivity of the substrate and the environment of the enzyme active site can affect the activation barrier that dominates the selectivity of hydroxylation.[7](#chem201905272-bib-0007){ref-type="ref"} Here, we firstly investigate the intrinsic reactivity of the potential SOMs of TES to understand its role in the selectivity of TES hydroxylation. Since DHT has a similar scaffold to TES, we believe that the intrinsic reactivity of a DHT site could be deduced from that of the corresponding TES site.

The activation barriers for the 6β, 6α, 2β, 2α, 15β, 15α, 1β, 1α, 8, 18 and 19 sites were calculated and are presented in Table [1](#chem201905272-tbl-0001){ref-type="table"}. The activation barriers for the 6β, 2β, 15β and 1β sites are 5.3, 9.9, 10.2 and 13.5 kcal mol^−1^, respectively, which are in good agreement with the experimental data.[15b](#chem201905272-bib-0015b){ref-type="ref"} For the four β sites, the activation barriers are also very close to those calculated in the previous study when the dispersion interaction is not considered.[27](#chem201905272-bib-0027){ref-type="ref"} The high reactivity of the 6β and 2β sites do not come as a surprise because of the electron‐delocalization effect of the conjugated carbonyl moiety, which significantly stabilizes the TS structures. Both 2β and 6β are next to the conjugated carbonyl moiety, but the 2β site is closer to the ketone group, which makes it less reactive than the 6β site. The activation barriers for all the α sites are higher than the corresponding β sites. Especially, the activation barrier for the 6α site is ca. 7 kcal mol^−1^ higher than that of the 6β site. Compared with the TS structures for the α sites, the TS structures for the β sites can be stabilized by the interactions between the angular methyl group and Cpd I, which lowered the activation barriers for the β sites. For sites 8, 18 and 19, the activation barriers are higher than those for the α and β sites when the dispersion correction was not considered.

###### 

Activation barriers for the potential SOMs of TES \[kcal mol^−1^\].

  Site   DFT^\[a\]^   D3‐DFT^\[b\]^
  ------ ------------ ---------------
  1α     18.7         14.4
  1β     19.1         13.5
  2α     15.4         13.4
  2β     13.0         9.9
  6α     18.1         12.2
  6β     10.3         5.3
  15α    17.9         14.9
  15β    15.5         10.2
  18     20.4         13.0
  19     22.8         18.3
  8      21.1         10.0

\[a\] The activation barrier is the energy difference between the reactant complex (RC) and transition state (TS) calculated using the B3LYP functional with the BS2 basis set. The energies were corrected with ZPE using the BS1 basis set. \[b\] The activation barriers were calculated using the B3LYP‐D3 functional and Becke--Johnson damping with the BS2 basis set. The energies were also corrected with ZPE using the BS1 basis set.
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Since the C−H bond‐dissociation energy (BDE) contributes significantly to the intrinsic reactivity of hydroxylation,[28](#chem201905272-bib-0028){ref-type="ref"} the BDEs of all the C−H bonds of TES were calculated (Table S1).The BDEs for sites 6, 2, 15 and 1 show the same trend as in the work by other research groups[27](#chem201905272-bib-0027){ref-type="ref"}, [29](#chem201905272-bib-0029){ref-type="ref"} and are in accordance with the experimental distribution of the TES hydroxylation sites.[15b](#chem201905272-bib-0015b){ref-type="ref"} However, due to the planar shape of the carbon radical, we are unable to use BDE to predict the stereoselectivity, that is, α or β hydroxylation, in the TES hydroxylation.

### Activation barriers predicted by ONIOM calculations {#chem201905272-sec-0007}

Even though it has been revealed by the QM calculations that sites 18 and 19 of TES are much less reactive, these sites can still be preferentially hydroxylated by different isoforms of P450s. The MD simulation results have been used to explain the selectivity of the above hydroxylation reactions. To further understand the mechanism underlying the selectivity of TES/DHT hydroxylation reactions catalyzed by CYP3A4 and CYP19A1, ONIOM calculations were performed. For CYP3A4, we chose the snapshots from the MD simulations of the 19‐4D78 and 6β‐4K9V systems to represent the binding modes of 17‐OH‐UP and 17‐OH‐DOWN, respectively. For CYP19A1, the representative snapshots from the MD simulations were used for the ONIOM calculations.

The 19‐4D78‐TES/DHT system {#chem201905272-sec-0008}
--------------------------

In MD simulations, the 17‐OH group of TES/DHT was close to the upper region of the active site and was able to interact with the side chain of Glu308 (Figure [4](#chem201905272-fig-0004){ref-type="fig"} A) or the backbone of Leu482 (Figure [4](#chem201905272-fig-0004){ref-type="fig"} B) via a water bridge. Meanwhile, the hydrogen bond between the 3‐ketone group and the side chain of Ser119 remains stable during the MD simulations. This binding mode favors sites 19 and 4β of DHT or sites 19 and 6β of TES to approach the oxo moiety. PES scanning indicated that the hydroxylation at site 6β of TES and site 19 of DHT is more favorable than at other sites. Significantly, the activation barriers for sites 6β of TES (10.9 kcal mol^−1^, Figure [4](#chem201905272-fig-0004){ref-type="fig"} A) and 19 of DHT (15.5 kcal mol^−1^, Figure [4](#chem201905272-fig-0004){ref-type="fig"} B) are lower than those for the other sites, which are in good agreement with the experimental observations.[16](#chem201905272-bib-0016){ref-type="ref"}

![A) TS structures for sites 19 (in cyan) and 6β (in magenta) of TES in the 194D78 system. B) The TS structures for sites 19 (in cyan) and 4β (in green) of DHT in the 194D78 system. C) The TS structures for sites 19 (in cyan), 6β (in magenta) and 8 (in blue) of TES in the 6β4K9V system. D) The TS structures for sites 19 (in cyan), 18 (in yellow), and 8 (in blue) of DHT in the 6β4K9V system. E) The TS structures for sites 19 (in cyan), 1β (in light pink) and 2β (in blue) of TES in the CYP19A1 system. F) The TS structures for sites 19 (in cyan), 1β (in light pink) and 2β (in blue) of DHT in the CYP19A1 system. The activation barrier (in kcal mol^−1^) for each site is shown in parentheses. The H~abstracted~−oxo and H~abstracted~−C~site~ distances are in Å.](CHEM-26-6214-g004){#chem201905272-fig-0004}

It should be noted that the 6β site of TES in the 17‐OH‐UP mode has a higher HAT barrier than that from the QM calculation (10.9 vs. 5.3 kcal mol^−1^, Figure [4](#chem201905272-fig-0004){ref-type="fig"} A and Table [1](#chem201905272-tbl-0001){ref-type="table"}). Although the orientations of TES in the reactant complex (RC) and transition state (TS) for site 6β from the ONIOM calculations are similar to those from the QM calculations, it is likely that the smaller "H‐oxo‐FE" angle and more overlap between ring A of TES and the heme plane (Figure S5A) contribute to the lower barrier of 6β in the QM model. The 4β site of DHT is in the α‐position of the 3‐ketone group, which could have similar reactivity to the 2β site. However, for the 4β site, the hydrogen bond between the 3‐ketone group and Ser119 provides a steric hindrance, which raises the barrier. Although the binding modes of TES/DHT in the CYP3A4 active site are very similar (Figure S5B), there still exists rather significant difference between TES and DHT in "H‐oxo" and "H‐oxo‐FE" for the same site, which contributes to the change of the hydroxylation selectivity.

The 6β‐4Κ9V‐TES/DHT system {#chem201905272-sec-0009}
--------------------------

In the 17‐OH‐DOWN mode, TES/DHT is parallel to the heme plane. The activation barriers for sites 19, 6β and 8 of TES are 22.1, 10.8 and 16.6 kcal mol^−1^ (Figure [4](#chem201905272-fig-0004){ref-type="fig"} C), respectively. Notably, the activation barrier for the 6β site of TES in this system is almost the same as in the 19‐4D78 system (10.9 kcal mol^−1^), suggesting that the 6β site of TES is rather reactive and its activation barrier is hardly affected by the binding modes. The high reactivity of the 6β site has been predicted in the QM model and is considered as the main driving force for the selective hydroxylation of TES by CYP3A4.

Similar to the 19‐4D78‐DHT system, the 6β site of DHT could not access the oxo moiety either, since the "H‐oxo‐iron" angle was almost linear and unfavorable for shifting electrons to the substrate. For sites 19, 18 and 8, the activation barriers were 21.5, 23.5 and 25.8 kcal mol^−1^ (Figure [4](#chem201905272-fig-0004){ref-type="fig"} D), respectively. The results from 19‐4D78 and 6β‐4K9V demonstrate that the preference of DHT hydroxylation is at the angular methyl group, although the activation barriers can be different in the two systems (15.5 vs. 21.5 kcal mol^−1^ in 19‐4D78 and 6β‐4K9V for site 19 of DHT). By using the spin natural orbital (SNO) analysis,[32](#chem201905272-bib-0032){ref-type="ref"} we could further explain the significant difference in the activation barrier for site 19 in the 19‐4D78 and 6β‐4K9V DHT systems. As depicted in Figure [5](#chem201905272-fig-0005){ref-type="fig"}, the electron distribution contributing to the HAT process can be differentiated for the two systems. In the 19‐4D78 system the HAT process was dominated by the α electrons (Figure [5](#chem201905272-fig-0005){ref-type="fig"} A), whereas in the 6β‐4K9V system it was dominated by the β electrons (Figure [5](#chem201905272-fig-0005){ref-type="fig"} D). The SNO distributions indicate that the 17‐OH‐UP binding mode favors the shift of the α electrons to the substrate and lowers the C−H activation barrier for site 19 of DHT.

![Spin natural orbital (SNO) distributions for the TS structures for site 19 in the CYP3A4‐DHT systems: A) the α electron density in 17‐OHUP; B) the β electron density in 17‐OHUP; C) the α electron density in 17‐OHDOWN; D) the β electron density in 17‐OHDOWN. The SNOs were generated by the Multiwfn 3.6 package[30](#chem201905272-bib-0030){ref-type="ref"} and visualized using VMD 1.9.3[31](#chem201905272-bib-0031){ref-type="ref"} with isovalue=0.02.](CHEM-26-6214-g005){#chem201905272-fig-0005}

The CYP19A1‐TES/DHT system {#chem201905272-sec-0010}
--------------------------

The hydroxylation of site 19 is the first step in CYP19A1 mediated TES aromatization, which finally produces estrogens.[10a](#chem201905272-bib-0010a){ref-type="ref"} The mechanism of the last step in aromatization is still controversial and has attracted much attention.[33](#chem201905272-bib-0033){ref-type="ref"} However, less attention has been paid to the question of why site 19 is easier for hydroxylation than the more reactive adjacent sites 2β and 1β in the first step. Interestingly, upon replacing TES with DHT, the hydroxylation sites unexpectedly switch to sites 18 and 19 for CYP3A4, while for CYP19A1, the hydroxylation still occurs at site 19.

From the QM calculations, we learned that the 6β site of TES is most reactive. However, this site is far away from the Fe atom and even beyond the "6 Å" rule in the crystal structure of CYP19A1‐TES,[34](#chem201905272-bib-0034){ref-type="ref"} which shows a binding mode similar to that in 17‐OH‐DOWN where the steroid scaffold is parallel to the heme plane. In the active site of CYP19A1, the scaffold of TES is perpendicular to helix I and stabilized by the two hydrogen bonds formed by TES with the two distant residues in the edges of the active site, which are the protonated side chain of Glu308 in helix I and backbone of Met374 in the β3 sheet (Figure S6). The PES scanning was able to locate the TSs for sites 19, 2β and 1β of TES. Of the three sites, site 19 has the lowest activation barrier (15.4 kcal mol^−1^, Figure [4](#chem201905272-fig-0004){ref-type="fig"} E), showing that hydroxylation at site 19 is most favorable. Cheng et al. observed that CYP19A1 is about 10^3^‐fold more efficient than CYP3A4 in generating the 19‐hydroxylated DHT.[16](#chem201905272-bib-0016){ref-type="ref"} As we can see from Figure [4](#chem201905272-fig-0004){ref-type="fig"}, the activation barriers correlate with the experimental observations.

For each site in DHT, the corresponding activation barrier is lower than that in TES (Figures [4](#chem201905272-fig-0004){ref-type="fig"} E and F). Replacing TES with DHT slightly shortened the "H‐oxo" distance in the TSs, which could be one of the reasons for the lower activation barriers for DHT. Additionally, the SNO analysis of the TS for site 19 of TES indicates that the α and β electrons contribute almost equally to the HAT step (Figure [6](#chem201905272-fig-0006){ref-type="fig"} A and B), whereas for site 19 of DHT, the HAT step is mainly determined by the behavior of the α electrons (Figure [6](#chem201905272-fig-0006){ref-type="fig"} C and D). Referring to our previous SNO analysis of the 17‐OH‐DOWN system, we believe that a modest difference in the P450 active site configuration could significantly affect the site‐preference of the HAT step.

![Spin natural orbital (SNO) distributions for the TS structures for site 19 in the CYP19A1 systems: A) the α electron density in CYP19A1‐TES; B) the β electron density in CYP19A1‐TES; C) the α electron density in CYP19A1‐DHT; D) the β electron density in CYP19A1‐DHT. The SNOs were generated by the Multiwfn 3.6 package[30](#chem201905272-bib-0030){ref-type="ref"} and visualized using VMD 1.9.3[31](#chem201905272-bib-0031){ref-type="ref"} with isovalue=0.02.](CHEM-26-6214-g006){#chem201905272-fig-0006}

Conclusion {#chem201905272-sec-0011}
==========

CYP3A4 and CYP19A1 exhibited different regio‐ and stereoselectivities of hydroxylation towards TES/DHT. In this work, we examined these reactions in depth by taking into account the ligand reactivity and enzyme environment.

By using the docking approach, we found that there exist two binding modes of CYP3A4‐TES; namely, 17‐OH‐UP and 17‐OH‐DOWN. MD simulations verified the stability of these binding modes. Furthermore, 6β was the most accessible site in the TES‐19‐4D78 system, with the accessibilities of sites 18 and 19 being significantly higher than other sites, especially in the DHT systems. From the QM calculations, we found that all the β sites are more reactive than the corresponding α sites, which explains the stereo‐selectivity of TES hydroxylation by CYP3A4. The results from the ONIOM calculations indicate that the hydroxylation of TES at the 6β site is independent of the binding mode, which explains why the 6β site is a major SOM. In the CYP3A4‐DHT systems, site 19 is more reactive in the 17‐OH‐UP binding mode than in 17‐OH‐DOWN because the activation barrier for site 19 is lower in 17‐OH‐UP.

Although the crystal structure of CYP19A1‐TES has provided some clues for understanding the selectivity of hydroxylation, the structure still cannot be used to explain why the more reactive juxtaposition sites of TES/DHT are not the first choice of hydroxylation.[35](#chem201905272-bib-0035){ref-type="ref"} Our MD simulations and ONIOM calculations indicate that site 19 of DHT is easier to be hydroxylated by CYP19A1 than that of TES.

In conclusion, our study has revealed the mechanism of the TES/DHT hydroxylation selectivity mediated by CYP3A4 and CYP19A1. Our results are also useful for understanding the regio‐ and stereoselectivities for the hydroxylation of other steroid molecules catalyzed by P450s.

Experimental Section {#chem201905272-sec-0012}
====================

Molecular docking {#chem201905272-sec-0013}
-----------------

The initial model of CYP3A4 in complex with TES was obtained by molecular docking, which was executed by using GOLD Suite 5.2.[36](#chem201905272-bib-0036){ref-type="ref"} There are more than 30 crystal structures of CYP3A4 available at present. Based on the shape of the active sites, 11 crystal structures were selected for molecular docking and the root mean square fluctuation for each residue averaged over these structures was analyzed. The PDB codes of these structures are 1TQN,[37](#chem201905272-bib-0037){ref-type="ref"} 2V0M,[38](#chem201905272-bib-0038){ref-type="ref"} 3NXU,[38](#chem201905272-bib-0038){ref-type="ref"} 3UA1,[39](#chem201905272-bib-0039){ref-type="ref"} 4D78,[40](#chem201905272-bib-0040){ref-type="ref"} 4I4G,[41](#chem201905272-bib-0041){ref-type="ref"} 4K9T,[42](#chem201905272-bib-0042){ref-type="ref"} 4K9V,[42](#chem201905272-bib-0042){ref-type="ref"} 4K9W,[42](#chem201905272-bib-0042){ref-type="ref"} 5TE8[17b](#chem201905272-bib-0017b){ref-type="ref"} and 5VC0.[43](#chem201905272-bib-0043){ref-type="ref"} They were prepared using the protein preparation wizard in Schrödinger suite 2016‐1.[44](#chem201905272-bib-0044){ref-type="ref"} The coordinates of missing residues were added by Prime[45](#chem201905272-bib-0045){ref-type="ref"} and the protonation states of ionizable residues were assigned by Protassigner,[46](#chem201905272-bib-0046){ref-type="ref"} while all co‐crystalized ligands and water molecules were removed. The Cpd I form of heme was manually prepared in Maestro 10.5.[47](#chem201905272-bib-0047){ref-type="ref"}

The docking center was set on the Cpd I oxo atom and the space within 15 Å around the center was defined as the docking site. Fifty docked poses were generated for each docking and ranked by ChemScore with the scoring template parameterized for heme‐proteins.[48](#chem201905272-bib-0048){ref-type="ref"} Because DHT is highly similar to TES in both chemical structure and conformation, the initial CYP3A4‐DHT complexes were obtained by superimposing DHT onto each of the top‐ranked TES poses. The initial structure of the CYP19A1‐TES complex was taken from the crystal structure (PDB code: 5JKW).[49](#chem201905272-bib-0049){ref-type="ref"} Similarly, DHT was superimposed to TES to obtain the CYP19A1‐DHT complex.

MD simulations {#chem201905272-sec-0014}
--------------

All the complexes obtained from the above step, that is, 12 CYP3A4‐TES/DHT and 1 CYP19A1‐TES/DHT, were subjected to 100‐ns MD simulations. The *pmemd.cuda* module[50](#chem201905272-bib-0050){ref-type="ref"} of Amber16[51](#chem201905272-bib-0051){ref-type="ref"} was used for the MD simulations with random seeds for the initial velocities. The Amber14SB[52](#chem201905272-bib-0052){ref-type="ref"} and general Amber force field (GAFF)[53](#chem201905272-bib-0053){ref-type="ref"} were applied for the protein and the ligands, respectively. The crystallographic water molecules were recovered for the docked/superimposed CYP3A4‐TES/DHT complexes, with the protonation states of ionizable residues remaining the same as in the docking procedure. Similarly, PROPKA 3.1 in Schrödinger Suite was employed to determine the ionizable residues' protonation states in CYP19A1.[54](#chem201905272-bib-0054){ref-type="ref"} The TES and DHT geometries were optimized by using Gaussian 09 at the B3LYP/6‐31G\* level, followed by using the standard restrained electrostatic potential (RESP) fitting procedure to derive the atomic charges.[55](#chem201905272-bib-0055){ref-type="ref"} The truncated octahedron TIP3P water box and counterions were used to solvate and neutralize each system, respectively.[56](#chem201905272-bib-0056){ref-type="ref"} The force field parameters for the Cpd I moiety were adopted from Shahrokh\'s work.[57](#chem201905272-bib-0057){ref-type="ref"}

For each system, the energy optimization was carried out using the gradually decreased force constant restraints on the heavy atoms of the protein and ligand. The temperature of the system was then gradually raised from 0 K to 300 K in 80 ps using the NVT ensemble with the restraints the same as in energy minimization. An 80‐ps equilibration at 300 K without constraints on atoms was carried out using the NPT ensemble. Finally, the unrestrained production run was conducted for 100 ns using the NPT ensemble with a 2‐fs time step and 10‐Å cutoff for the nonbond interactions.

All covalent bonds containing a hydrogen atom were constrained using the SHAKE algorithm.[58](#chem201905272-bib-0058){ref-type="ref"} The particle mesh Ewald (PME) method[59](#chem201905272-bib-0059){ref-type="ref"} was used to handle the long‐range electrostatic interactions. A collision frequency of 1.0 ps^−1^ was adopted to control the temperature. The *cpptraj* module[60](#chem201905272-bib-0060){ref-type="ref"} and the python package MDAnalysis[61](#chem201905272-bib-0061){ref-type="ref"} were used for the trajectory analysis.

QM calculations {#chem201905272-sec-0015}
---------------

A truncated Compound I (Cpd I) model[2b](#chem201905272-bib-0002b){ref-type="ref"} with the doublet spin state was used to investigate the reactivity of TES' potential SOMs. Density functional theory (DFT) calculations were performed to estimate the activation barriers for breaking the corresponding C−H bonds of potential SOMs with the B3LYP functional[62](#chem201905272-bib-0062){ref-type="ref"} implemented in the Gaussian 09 package (Rev. D.01).[63](#chem201905272-bib-0063){ref-type="ref"} For the geometry optimization, the basis set BS1 was used, where the LANL2DZ pseudopotential/basis set was used for the iron and 6--31 g(d) basis set for the rest of atoms.[64](#chem201905272-bib-0064){ref-type="ref"} Transition state (TS) structures were located by flexible potential energy surface (PES) scanning, followed by full geometrical optimization and verified by vibrational frequency calculations. The single‐point (SP) energies were calculated at the same level of theory as geometry optimization using the larger basis set 6--311+g(d,p)/LANL2DZ (denoted as BS2), with the polarizable continuum model (PCM, *ϵ*=4) for recovering the solvent effect.[65](#chem201905272-bib-0065){ref-type="ref"} Dispersion correction was included by using the B3LYP‐D3 functional[66](#chem201905272-bib-0066){ref-type="ref"} with Becke--Johnson damping[67](#chem201905272-bib-0067){ref-type="ref"} for the SP energies. The frequency calculations were employed using the same level of theory and basis set as geometry optimizations and the corresponding thermal zero‐point energies (ZPE) were added to the SP energies. The intrinsic reaction coordinate (IRC) calculations[68](#chem201905272-bib-0068){ref-type="ref"} were performed at the B3LYP level using BS1 to confirm that a TS structure was indeed connecting the reactant and product.

QM/MM (ONIOM) calculations {#chem201905272-sec-0016}
--------------------------

For TES and DHT, the potential SOMs are located on the A, B, D rings and the angular methyl groups. In this study, QM/MM calculations were carried out to evaluate the activation barriers of potential SOMs in the protein environment. The QM/MM calculations were accomplished using the ONIOM method in Gaussian 09.[69](#chem201905272-bib-0069){ref-type="ref"} The representative snapshot, which is closest to the major cluster extracted from the MD simulation of each of the CYP3A4 and CYP19A1 complexes, was first energetically minimized by the *pmemd* module of Amber16. The geometrical optimization was then carried out with the ONIOM method. Thereafter, the TS structures for the SOMs were located using the flexible PES scanning. Each TS structure was further confirmed to have only one imaginary frequency. The procedure of preparing input files is similar to our previous study using the TAO package.[70](#chem201905272-bib-0070){ref-type="ref"} Since the reactivities predicted by *S*=1/2 and *S*=3/2 states for Cpd I mediated reactions are generally similar, only the doublet state of Cpd I was considered.[2b](#chem201905272-bib-0002b){ref-type="ref"}, [71](#chem201905272-bib-0071){ref-type="ref"} The net charge for each layer was determined by the *chargesum* module in TAO. The atoms in the QM region and the corresponding link atoms were optimized using the same level of theory and basis set as in the QM calculations. The SP energy was calculated using BS2 without applying any implicit solvent model and corrected using the same B3LYP‐D3 functional as in the QM calculations. For the molecular mechanics part, the AMBER force field was employed. Only the mechanical embedding scheme was considered in the geometry optimizations and single‐point energy calculations.

The ONIOM calculations were performed using six representative MD snapshots, including four snapshots for CYP3A4; namely, TES‐19‐4D78, DHT‐19‐4D78, TES‐6β‐4K9V and DHT‐6β‐4K9V, and two snapshots for CYP19A1 complexes, for predicting the activation barriers of potential SOMs. For each system, the atoms of the nearest residues in the bottom area of the binding site together with the substrate and some other residues were selected as the QM region atoms. For 19‐4D78, atoms forming the hydrogen‐bond network TES‐water‐Glu308 and DHT‐water‐Leu482, together with Ser119, Ala305, Thr309, Ile369 and Ala370, were included in the QM region. For 6β‐4K9V, the atoms of Ser119, Thr282, Ala305, Ala370 and Leu482 were included in the QM regions. For the QM regions of the CYP19A1 systems, Ile132 and Thr310 were treated as the bottom area residues and Asp309, Val370, Met374 and Leu477 were included.
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